The present study investigated the extent of expectancy in the ability of glucose to affect cognitive performance. Using a within-subjects design, subjects (n 26) completed four experimental sessions (in counterbalanced order and after an initial practice session) during which they were given a 500 ml drink 30 min prior to completing a cognitive assessment battery. In addition, all subjects completed a baseline practice session during which they were given no drink. During two of the sessions, subjects were given a drink containing 50 g glucose and on the other two they were given a drink containing aspartame. A balanced placebo design was used, such that for half the sessions subjects were accurately informed as to the content of the drink (glucose or aspartame), whereas in the other two sessions they were misinformed as to the content of the drink. The task battery comprised a 6 min visual analogue of the Bakan vigilance task, an immediate verbal free-recall task, an immediate verbal recognition memory task and a measure of motor speed (two-finger tapping). Blood glucose and self-reported mood were also recorded at several time points during each session. Glucose administration was found to improve recognition memory times, in direct contrast to previous findings in the literature. Glucose administration also improved performance on the Bakan task (relative to the control drink), but only in sessions where subjects were informed that they would receive glucose and not when they were told that they would receive aspartame. There were no effects either of the nature of the drink or expectancy on the other measures. These results are interpreted in terms of there being some contribution of expectancy concerning the positive effects of glucose on cognition in studies which have not used an equi-sweet dose of aspartame as a control drink.
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Glucose: Cognition: Placebo effect
There is currently a great deal of research interest in the degree to which cognitive processing efficiency is affected by nutritional variables. One nutritional variable which has been the focus of a large body of this research interest is glucose. Given that glucose is the main source of fuel for the brain (e.g. Sieber & Traystmen, 1992) under normal circumstances, it would seem to be a reasonable hypothesis that alterations in glucose intake will impact upon brain function (Benton & Sargent, 1992) . There are two strands of evidence upon which this hypothesis is based.
First, there is a body of evidence (albeit inconsistent) indicating that relatively short periods of food deprivation, such as missing individual meals, are associated with impairments in cognitive processing efficiency. For instance, whilst it has been shown that missing breakfast impairs performance on some measures (Pollitt et al. 1983 (Pollitt et al. , 1996 , such brief periods of fasting have also been found to improve performance on others (Pollitt et al. 1981; Green et al. 1997) . Further, it has been found that brief periods of fasting produces no significant deficit in performance (Green et al. 1995) . In addition, it has been demonstrated that food deprivation-induced drops in blood glucose levels are not significantly associated with impaired performance (Green et al. 1997) .
The second strand of evidence which bears relevance to the hypothesis that manipulating blood glucose levels will directly impact upon brain function is that of the work examining the effects of glucose administration upon cognition. A number of studies have shown that administration of a glucose drink results in improved performance on a number of measures of cognitive processing efficiency (e.g. Manning et al. 1990; Benton & Owens, 1993; Foster et al. 1998) . A previous review of the literature up to 1994, however (Rogers & Lloyd, 1994) , concluded that the results of these studies were equivocal and that there was little convincing or consistent evidence for a beneficial effect of glucose administration upon the cognitive function of healthy subjects.
More recent work in this area has centered on the hypothesis that glucose administration will selectively enhance memory function (e.g. Gold, 1986) . There is, however, some question as to the wider applicability of this work, since it has been specifically demonstrated that glucose administration improves memory function in the elderly, but not in young adult populations (Manning et al. 1997) . Even in healthy young adults, the effects appear to be somewhat task and study specific in nature. For instance, whilst glucose administration improved verbal recall in some studies (Foster et al. 1998) , other studies have found no beneficial effects of glucose on immediate verbal recall (Benton & Owens, 1993; Benton et al. 1994) .
A number of these studies have also found correlations between task performance and blood glucose levels, either in addition to (Brooke & Toogoode, 1973; Hall et al. 1989; Manning et al. 1990; Foster et al. 1998) , or in the absence of (Benton & Owens, 1993; Benton et al. 1994 ), significant treatment effects. According to Rogers & Lloyd (1994) , these significant correlations in the absence of treatment effects suggest that the relationships between glucose and cognition in the healthy population may be epiphenomenal rather than direct. For instance, it is suggested that high baseline or rapidly rising levels of blood glucose in these studies reflected increased sympathetic activity, including an increase of cortisol and adrenaline. It was hypothesised, therefore, that cortisol and adrenaline were the main variables mediating task performance in these studies. Although the physiological mechanisms underlying the relationships between arousal and performance (e.g. Johnson et al. 1992 ) may include mechanisms such as increased glucose uptake and utilisation by the central nervous system, there is no evidence to suggest that this is the mechanism underlying stress or glucose administration related improvements in performance. It has been found, however, that, whilst manipulating arousal levels by means of incentive motivation (Green et al. 1997 ) does produce selective improvements in performance, these are unrelated to glucose levels.
A majority of these studies have either used saccharin (e.g. Benton et al. 1987; Hall et al. 1989; Manning et al. 1997) , a non-sweet drink (e.g. Brooke & Toogoode, 1973) or nothing at all (e.g. Lapp, 1981) as a control condition. Although a number of these studies have matched the glucose and saccharin drinks for sweetness on the basis of pilot testing (e.g. Hall et al. 1989; Parsons & Gold, 1992) , a number have not (e.g. Messier et al. 1999) . Certainly, none has investigated whether subjects could actually detect a difference between the glucose and placebo drinks. Since saccharin and glucose have differences in taste, it is possible that subjects were able to discern which of the two drinks actually contained glucose and which contained saccharin. It is possible, therefore, there was some element of expectancy active in the studies which have used saccharin or a non-sweet drink as a control. This may be less true of the studies which use aspartame as a placebo control since there are fewer detectable differences in taste between glucose and aspartame (e.g. Benton & Owens, 1993) .
There is evidence from the fields of alcohol and caffeine research which indicates that expectancy concerning the nature of the substance given exerts a strong influence upon task performance (e.g. Kirsch & Weixel, 1988; Peterson et al. 1990; Fillmore et al. 1998) . This relationship is, however, not straightforward. For instance, it has been found that expectancy effects upon performance only occur within the active treatment condition (Finnigan et al. 1995) and that only subjectively perceived ability to perform is affected (Hammersley et al. 1998) . Further, expectancy effects are dependent on the dose of the active substance (Finnigan et al. 1995) and that the nature of the effect differs according to the active substance used (Fillmore et al. 1994) . The evidence concerning positive expectancy effects (expecting positive effects from a substance, whether it be the active substance or placebo) is somewhat more mixed. Whilst improvements in task performance have been demonstrated as a result of positive expectancy (Fillmore & Vogel-Sprott, 1992) , this pattern of results has not been uniformly replicated. For instance, Kvavilashvili & Ellis (1999) found that positive expectancies regarding a placebo did not affect performance on a delayed free-recall task whereas negative expectancies were associated with poorer recall, although self-reported performance did yield expectancy congruent effects. This was explained in terms of 'reverse placebo effects' whereby subjects in the positive placebo group exert less effort on task performance due to the fact that they believe the treatment will enhance performance automatically.
The purpose of the present study, therefore, was to investigate the extent to which the beneficial effects of glucose on cognitive function are mediated by expectancy when aspartame is used as a placebo control. Aspartame was used as the placebo control substance in the present study to ensure that any observed expectancy effects could be accounted for in terms of experimental instructions, rather than perceived differences in taste between the two experimental drinks.
Methods and materials

Overview
After an initial baseline test session, subjects completed four experimental test sessions in which their cognitive performance was assessed. On two of these sessions, they ingested a glucose drink prior to testing and on the other two they ingested a non-glucose-laden placebo drink. In one of each drink conditions, subjects were accurately informed as to the nature of the drink prior to testing, and in the other they were informed that they had been given the other drink.
Subjects
The subjects comprised male and female undergraduate students from King's College, London, UK, and their associates (n 26). All subjects were aged between 18 and 40 years. Prior to recruitment, all subjects were informed as to the nature of the experimental procedures which they would undergo. Subjects with a history of diabetes and phenylketonuria were excluded, as were subjects who were currently dieting to lose weight. The study was approved by the King's College research ethics committee and all subjects gave informed consent prior to participation. Each subject was paid £10 per test session for their participation in the study.
Design and procedure
Using a repeated-measures design, each subject was tested over five sessions. After an initial practice session in which subjects completed a cognitive assessment battery and mood scales, and in which baseline blood glucose levels were measured, they then completed four sessions in which they again completed these measures 30 min after consuming a 500 ml drink. On two sessions, the drink contained glucose and on two sessions, the drink contained aspartame (placebo). On one of the two sessions during which subjects received either glucose or aspartame, they were correctly informed as to the nature of the drink they would receive and on the other they were told that they would receive the other drink. Each subject was tested individually, in a session lasting roughly 1 h. The testing environment was identical for all subjects. At the time of testing, each subject had abstained from food, glucose-or sucrose-containing drinks and strenuous exercise for a period of 8 h. All test sessions took place between 09.00 and 12.00 hours.
At the start of each session, subjects were given information (either accurate or false) concerning the drink they were about to consume. They then completed a set of 100 mm visual analogue mood scales, anchored at each end with the statements 'Not at all' to 'Extremely'. The moods rated were 'Friendly', 'Jittery', 'Headache', 'Drowsy', 'Cheerful', 'Calm', 'Uncertain', 'Dejected', 'Energetic', 'Placid', 'Confident', 'Tired', 'Anxious' and 'Lively'. Following completion of this first set of mood ratings, a measure of blood glucose was obtained, using a fingerprick lancet. Glucose levels were assayed using an Accutrend GC meter (measuring range 1 : 1 -33 : 3 mmol/l; Boehringer Mannheim, Lewes, East Sussex, UK). In all but the practice session, subjects then consumed the experimental drink and waited for a period of 30 min. Subjects then completed a computer-based battery of cognitive function measures (with another blood glucose measurement being taken at the mid-point of cognitive assessment). Upon completion of the task battery, subjects completed a second set of mood scales and a third blood glucose measurement was taken.
The glucose drink was formulated with 500 g glucose, 10 g citric acid, 5 ml lemon-flavour essence/5 litres water. This gave a total glucose load of 50 g/drink, which has previously been used in studies which have shown effects of glucose on cognition (e.g. Benton & Owens, 1993) . The placebo drink was of the same formulation, except that 2 g aspartame/5 litres water was substituted for the glucose. The amount of aspartame was calculated according to the sweetness scale for sucrose, accounting for the fact that glucose has a sweetness of 0 : 75 relative to sucrose. Pilot testing indicated that there were no noticeable differences in taste between the two drinks (P.0 : 05).
Cognitive assessment battery. The tasks were presented to subjects via a 486 MHz PC running MEL v. 2 (Psychology Software Tools Inc., Pittsburgh, PA, USA) with a 33 cm colour monitor. The tasks were presented in the same order during each session and were as follows. (1) Two-finger tapping task: subjects were required to alternately tap the '1' and '2' keys of the numeric keypad as quickly as possible, using the index and second fingers of the preferred hand. The dependent variable was the time taken to make 300 key presses. (2) Recognition memory task: this was an adaptation of the Sternberg (1966) recognition memory task. Subjects were presented with two lists of twenty words (in a randomised order), with one list being presented at 1 s per word and the other at 2 s per word. Immediately after presentation of each stimulus list, subjects were presented with a probe recognition set of forty words. This comprised the original twenty words from the stimulus list, in addition to twenty filler words. The filler stimuli were matched for length and frequency of occurrence in written English with the test items. Subjects had to decide whether each of the forty words was present in the original list or not by pressing either the '1' key (labelled 'Present') or the '3' key (labelled 'Not Present') on the numeric keypad. The dependent variables were the number of correct recognitions made and the total response time to make those decisions. (3) Verbal free-recall task: subjects were presented with two lists of twenty words each, one list being presented at 1 s per word and the other at 2 s per word. Immediately after the presentation of each list, subjects were given 4 min to recall as many words as possible from that list. (4) Bakan task: this was a 6 min long visual analogue of the procedure developed by Bakan (1959) in which subjects were presented with a continuous stream of single digits (1 -9) which appeared one at a time, in the centre of the visual display unit monitor. The subjects' task was to press a labelled response key, as quickly as possible, when they believed that they had detected a sequence of either three odd numbers or three even numbers occurring consecutively. The stimulus exposure duration was 600 ms, with no inter-stimulus interval and forty-eight potential correct targets. The dependent variable was the number of correct hits made over the course of the task.
Results
For all analyses, Fisher's least significant difference test (with appropriate correction for multiple comparisons) was used for post-hoc testing. Analyses of task performance were conducted using analysis of covariance, with practice session performance being used as the covariate. Uncorrected mean scores are presented in the following data tables.
Blood glucose levels
The mean blood glucose levels are shown in Table 1 . The raw mean values presented in Table 1 suggest that the data violate the assumption of homogeneity of variance necessary for ANOVA. Actual analyses, therefore, were conducted on a logarithmic transformation of the raw data. Glucose levels were analysed via three-way ANOVA (drink, expectancy and within session time point as factors), with time point included as a repeated measure. There was a significant interaction between the drink and time point factors (F(2, 50) 43 : 00, P,0 : 001). Post-hoc analyses indicated that the blood glucose levels of those subjects who had received the glucose drink rose significantly from first to second measurement (P,0 : 01). There were also significant main effects of drink (F(1, 25) 48 : 98, P,0 : 001) and within session time point (F(2, 50) 26 : 00, P,0 : 001). There was no significant effect of expectancy or significant interactions involving expectancy (P.0 : 05).
Task performance
The mean task performance data are shown in Table 2 .
Bakan Task
The data for the Bakan task (correct hits) were analysed via three-way analysis of covariance (drink, expectancy and trial block as factors), with trial block being included as a repeated measure. There was a significant interaction between drink and expectancy (F(1, 25) 5 : 94, P¼0 : 022). Post-hoc testing revealed that when subjects were given glucose and were told that they would receive glucose, they made significantly more correct hits than in any other condition (P,0 : 01). There was also a significant main effect of trial block (F(5, 125) 10 : 53, P,0 : 001), indicating that subjects made progressively fewer correct hits over the course of the task, in addition to a significant main effect of drink (F(1, 25) 19 : 60, P,0 : 001). There were no other significant main effects or interactions (P.0 : 05).
Immediate verbal recall
The data for this task were analysed via three-way analysis of covariance (drink, expectancy and presentation speed as factors). Overall, subjects correctly recalled more words in the 2 s per word display condition than the 1 s per word condition (F(1, 25) 12 : 77, P,0 : 005). There were no other significant main effects or interactions (P.0 : 05).
Recognition memory
This task yielded two outcome measures, these being response times to make recognition decisions and the number of words correctly recognised as being presented in the memorised lists. Both variables were analysed via threeway analysis of covariance (factor structure being identical to that used for the immediate verbal recall task).
Response times. Overall, response times were faster during sessions in which subjects received glucose than when they received placebo (F(1, 25) 8 : 35, P¼0 : 008). In addition, there was a marginally significant trend for subjects to respond more quickly when they were told that they were receiving glucose than when they were told they were receiving placebo (F(1, 25) 3 : 12, P¼0 : 089). There were no other significant main effects or interactions (P.0 : 05).
Correct recognition decisions. Overall, there were more correct decisions made in the condition where words were initially presented for 2 s each than when they were presented for 1 s each (F(1, 25) 7 : 28, P¼0 : 012). There were no other significant main effects or interactions (P.0 : 05).
Two-finger tapping task
The data for this task (number of taps per s) were analysed via three-way analysis of covariance (factor structure identical to that of the analysis of covariance for the Bakan task). There was a significant main effect of trial block (F(5, 125) 34 : 12, P,0 : 001), with progressively fewer taps being made over the course of the task. This can be interpreted in terms of a within trial fatigue effect. There were no other significant main effects or interactions (P.0 : 05).
Mood state
Each mood scale was analysed separately via three-way ANOVA (drink, expectancy and time point as factors), with time point included as a repeated measure and appropriate Bonferroni corrections for multiple comparisons. The data are shown in Table 3 .
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glucose and expected glucose and sessions in which they received placebo but expected glucose (P,0 : 05). In addition, the post-drink levels of dejection were higher in the condition where subjects received glucose but expected placebo than when they received placebo and expected placebo (P,0 : 05).
There was an overall decrease in ratings of 'Energetic' over the course of each test session (F(1, 25) 5 : 64, P¼0 : 026). There were no other significant main effects for this scale, or for any of the other rated moods (P.0 : 05).
Relationships between task performance, glucose levels and mood state
Correlational analyses were carried out between task performance during each session, glucose levels and change in glucose levels over the course of each session (with appropriate correction for multiple comparisons). There were no significant relationships between task performance and glucose levels (P.0 : 05). Similarly, there were no significant relationships found between task performance and self-reported mood state (P.0 : 05).
Discussion
There are a number of important findings of the present study. First, ingestion of a glucose drink improved performance on two of the tasks (recognition memory response times and Bakan task performance), but not on the other tasks in the assessment battery. The finding that glucose improves performance on the Bakan task is inconsistent with the one other study which has used this task to investigate the effects of glucose on cognitive function (Benton et al. 1994) . It is possible, however, that the differences in the results of the present study and those of Benton et al. (1994) can be accounted for in terms of methodological differences between the two studies. Specifically, subjects in the present study performed the Bakan task some 30 min post glucose ingestion. In the Benton et al. (1994) study, subjects in both the glucose and placebo conditions were given a 50 g glucose load 20 min prior to completing the task and were given either a further 25 mg glucose or placebo (aspartame) immediately prior to the task. Given that plasma glucose levels are at maximum some 30 min after initial ingestion (Frayn et al. 1993) , it may be concluded that at the time of Bakan task administration in the Benton et al. (1994) study, the glucose levels of subjects in both the glucose and placebo conditions were comparable.
The most important aspect of the results from subjects' Bakan task performance, however, is that the significant difference in performance between sessions in which subjects received glucose or aspartame was only true when they were told that they were given glucose. In the two conditions where subjects were informed that they were about to receive the aspartame drink, the actual content of the drink did not significantly affect performance. This finding indicates that there is at least some element of expectancy concerning the nature of the drink underlying performance on this task, although this result cannot be explained entirely in terms of expectancy effects. There are certain parallels between this finding and the results of other studies which have investigated placebo expectancy effects. Specifically, previous work has indicated that differences in performance resulting from ingestion of an active substance or placebo are also a function of the expectancy which subjects have concerning the active substance (Finnigan et al. 1995) . The fact that there were no significant correlations between task performance and blood glucose levels also supports the conclusion that any improvements in Bakan task performance resulting from the ingestion of a drink are not entirely due to the glucose content of that drink.
Interpretation of the results of the recognition memory task is slightly more problematic. Although there was a glucose-related improvement in recognition times, there was no corresponding glucose-related improvement in the number of words correctly recognised. Thus, it is somewhat difficult to interpret this result in terms of glucose improving memory, especially given the failure to find glucose-related effects upon free recall performance (discussed later), although it supports the findings of Azari (1991) , who also found that glucose administration did not affect recognition memory performance. The few published studies which have demonstrated improved recognition memory times have employed subjects with compromised brain function such as Alzheimer's dementia patients (e.g. Manning et al. 1993) . Even in this case, however, there is some doubt regarding the reliability of this finding, since saccharin was used as a control substance and no data are reported concerning whether subjects could perceive differences in taste between the two drinks. It is also difficult to interpret the present finding that glucose administration improved recognition memory times in terms of enhanced motor performance, since glucose did not affect two-finger tapping performance. Further work needs to be carried out to elucidate the nature and replicability of this finding.
The present study also found that there was no significant effect either of the nature of the drink administered or expectancy upon verbal free recall. This finding stands in contrast to the results of a number of studies which have demonstrated significant improvements in performance amongst healthy adult subjects on this. It is, however, consistent with the larger body of evidence indicating that a glucose load exerts no beneficial effect on immediate verbal recall amongst healthy adult subjects (e.g. Azari, 1991; Benton & Owens, 1993; Benton et al. 1994) . Although it could be argued that the present failure to find a beneficial effect of glucose on the verbal free-recall task relates to the length of time between ingestion of the glucose and recall (e.g. Foster et al. 1998) , this is unlikely given that subjects in the present study performed the recall task some 30 min after glucose ingestion. However, given the fact that Foster et al. (1998) and Manning et al. (1990) both used saccharin as a placebo control, it may be possible to explain those particular findings in terms of an expectancy effect. This explanation is made more likely by the fact that the studies mentioned earlier, which have failed to find effects of glucose on verbal recall performance, employed aspartame as a placebo control.
In conclusion, the present study found equivocal evidence for an improvement of performance resulting from the ingestion of a glucose drink in a healthy adult population when aspartame is used as a control substance. Although recognition memory times were improved as a result of glucose, this is difficult to explain either in terms of memory or motor performance. In addition, although performance on a rapid information processing (Bakan) task was improved as a result of glucose, this was only found to be the case under conditions where subjects were informed that they would be receiving glucose and not when they were informed that they would be receiving placebo. Taken as a whole, the present results offer little convincing or consistent support that glucose ingestion benefits cognition in a healthy adult, non food-deprived population.
